Aims/hypothesis The rs1990760 polymorphism (Ala946Thr) of interferon induced with helicase C domain 1 (IFIH1) has been proposed to associate with type 1 diabetes. In this study, association between IFIH1 Ala946Thr and type 1 diabetes was investigated in two distinct white populations, the Hungarians and Finns. Methods The rs1990760 polymorphism was genotyped in 757/509 Hungarian/Finnish childhood-onset cases, 499/250 Hungarian/Finnish control individuals and in 529/924 Hungarian/Finnish nuclear family trios. Disease association was tested using case-control and family-based approaches. A meta-analysis of data from 9,546 cases and 11,000 controls was also performed.
(OR 1.235, 95% CI 1.083-1.408; p=0.002). Furthermore, the A allele was significantly overtransmitted in both family trio datasets (p=0.017 in Hungarians; p=0.007 in Finns). The A allele was increased in Hungarian vs Finnish cases (64.9% vs 60.8% in Finns; p=0.003). The meta-analysis yielded a significant effect for IFIH1 rs1990760 A allele on type 1 diabetes risk (OR 1.176, 95% CI 1.130-1.225; p=5.3×10 −15 ) with significant heterogeneity between effect sizes across the studied populations (p=0.023). Conclusions/interpretation This study represents the first independent confirmation of the association between type 1 diabetes and the IFIH1 gene in Hungarian and Finnish populations. Summarising the data published so far, a clear association between the Ala946Thr polymorphism and type 1 diabetes was detected, with an apparent difference in the contribution to disease susceptibility in different populations of European ancestry. Since allelic frequencies of disease variants differ across populations, their contributions to disease manifestation may vary. It is likely that certain variants with permissive effects on environmental disease triggers contribute in different degrees to disease aetiology in various ethnogeographical settings.
Thus, in our study we aimed to assess the association between the IFIH1 Ala946Thr polymorphism and type 1 diabetes in two distinct populations of European origin, the Hungarians and the Finns. Hungarians are considered a medium-incidence population for type 1 diabetes with a mixed genetic background [3] , whereas Finland has the highest disease incidence in the world and its population is relatively homogeneous [4] . Investigating these two wellcharacterised populations is of special interest as, besides their different genetic architecture, environmental factors and socioeconomic conditions vary greatly between the two countries. Recently, we have shown that enterovirus infections in early childhood are more common in Hungary than in Finland [5] . Therefore, our study was tailored to provide a deeper insight into the genetics of type 1 diabetes in populations with different frequencies of enteroviral infection. In addition, because of the relatively modest effect conferred by the IFIH1 Ala946Thr variant, we conducted a meta-analysis of the association studies published so far [2, 6, 7] , including our new datasets, to address the contribution of IFIH1 rs1990760 polymorphism to type 1 diabetes. Furthermore, we examined the heterogeneity between the populations studied.
Methods

Participants
In the case-control study, Hungarian (n=757) and Finnish (n=509) patients with type 1 diabetes diagnosed under 15 years of age were included. The Hungarian cases were recruited from diabetes outpatient clinics all over Hungary, through the HUNT1DGENES programme (www.diabet.hu/diabetesgenetics, accessed 10 June 2009). The Finnish cases were collected from Turku and Helsinki regions through the Finnish Childhood Diabetes Registry. Healthy Hungarian blood donors (n=499) were recruited as controls. The Finnish control group comprised geographically matched consecutive healthy newborns (n=250).
For the family-based association study, 529 Hungarian unrelated parent-child trios (1587 individuals in total) were obtained from the HUNT1DGENES study. From the Finnish Childhood Diabetes Registry 924 family trios were collected.
Informed consent was obtained from participants. The study was approved by the national Ethics Committees and was conducted according to the principles of the Declaration of Helsinki.
Genotyping The rs1990760 polymorphism was typed using the Taqman assay (Applied Biosystems, Foster City, CA, USA) or by iPlex Gold (Sequenom, San Diego, CA, USA). Genotyping accuracy was 100% as identified by fluorescencebased capillary DNA sequencing of 194 samples, representing all three genotypes in similar proportions (MegaBace1000, GE Healthcare, Chalfont St Giles, UK). No deviation from the Hardy-Weinberg equilibrium was found in any group.
Statistical analysis For the case-control data the χ 2 test or Cochran-Mantel-Haenszel statistics were used and ORs were calculated. The statistical power to detect a genetic association at the originally reported OR of 1.18 [2] (α=0.05) was 68.7% for the combined Hungarian and Finnish case-control series. The family data were analysed using the transmission-disequilibrium test (TDT). Metaanalysis assuming fixed effects was performed using MIX software [8] , under the allelic genetic model. Betweenstudy heterogeneity was assessed by Cochran's Q test.
Results
In the Hungarian case-control dataset, the AA genotype of IFIH1 rs1990760 polymorphism was more frequent in cases than in controls (p=0.011; Table 1 ). Accordingly, the A allele was significantly more common in cases than in controls (OR 1.291, 95% CI 1.096-1.521; p=0.002). In the Finnish case-control dataset, we observed a similar difference in the genotype distribution between cases and controls; however, it did not reach significance (Table 1) . Importantly, combined analysis of the Hungarian and Finnish casecontrol datasets showed a significant disease association of the IFIH1 rs1990760 polymorphism (for the A allele: OR 1.235, 95% CI 1.083-1.408; p=0.002; Table 1 ).
In the Hungarian family trio data, 12 Mendelian errors were detected and these families were excluded from the final analysis. Of the remaining 517 families, 480 families had at least one heterozygous parent, and were therefore informative for TDT. The minor allele frequency of the G allele was 0.366, while the frequency of the A allele was 0.634. The A allele was significantly overtransmitted to affected offspring (266 transmissions and 214 nontransmissions, p=0.017).
The Finnish family trio data contained no Mendelian errors, and of the 924 nuclear family trios 899 were informative for TDT. Minor G allele frequency was 0.398, whereas the major A allele frequency was 0.602. In a pattern similar to that in the Hungarians, the A allele was overtransmitted in the high-diabetes-incidence Finns with 490 transmissions and 409 non-transmissions (p=0.007).
The comparison of allelic frequencies among all type 1 diabetes affected individuals revealed that the A allele frequency was higher among Hungarians than among Finns (64.9% vs 60.8%, p=0.003), while no difference was found in controls (58.2% in both groups). We also observed that the genotype frequency of the disease-associated A allele carriers (AA+AG) between cases and controls in the two populations showed a significant difference (p=0.003). The AG genotype was observed to be more frequent in Finnish cases (46.6% vs 43.5% in Hungarians), whereas among Hungarians the AG genotype was more frequent among controls (47.1% vs 42.0% in Finns; p=0.001). However, there was no marked heterogeneity between the two populations (Cochran's Q test, p=0.379).
The meta-analysis of studies published so far, which comprised a total of 9,546 cases and 11,000 controls of European ancestry, yielded a modest but significant effect for the IFIH1 rs1990760 A allele on type 1 diabetes risk (OR 1.176, 95% CI 1.130-1.225; p=5.3×10 −15 ; Fig. 1 ).
There was significant heterogeneity between effect sizes across the studied populations (Cochran's Q test, p=0.023). 
Discussion
The IFIH1 gene was originally found to confer susceptibility to type 1 diabetes in a whole-genome association scan [2] . Later, a French-Canadian family study indicated a trend of association; however, no significant effect was confirmed [9] . Furthermore, a US study reported an association between the IFIH1 rs1990760 and type 1 diabetes in the population of Georgia (state), USA; however, the authors could not replicate this finding in a population from the state of Colorado, USA [6] . In addition, a very recent Belgian study reported no association [7] , whereas another report by Nejentsev et al. suggested that multiple additional rare variants of IFIH1 may contribute to disease susceptibility [10] . Therefore, the confirmation of the disease association of IFIH1 rs1990760 was awaited, especially in Europeans.
Here we showed that the IFIH1 Ala946Thr polymorphism is associated with type 1 diabetes in two large population samples of European origin: the very-highincidence Finnish population and the medium-incidence Hungarian ethnic group. The association was clear both in the Hungarian case-control dataset and in the combined Finnish-Hungarian dataset. The association in the Finnish case-control series was not significant, but this could be partly due to reduced power. The family-based association study further confirmed the disease association in both populations.
Interestingly, we found that although the allele frequencies in the two background populations were identical, the frequency of the susceptibility A allele was higher among Hungarian cases compared with Finnish patients. These data suggest that the IFIH1 rs1990760 polymorphism may have a stronger effect in the Hungarian population, where early childhood infections are more common [5] . This is interesting as IFIH1 is a cytosolic viral sensor that, upon interaction with intracellular double-stranded RNA, induces production of antiviral cytokines and may induce apoptosis. Thus, IFIH1 may provide a link between the enterovirus infections and type 1 diabetes. However, comparing our Hungarian and Finnish cohorts no statistical evidence was found for different effect sizes of the IFIH1 polymorphism. Of note, our study was underpowered to show heterogeneity.
Nevertheless, to address the contribution of IFIH1 rs1990760 polymorphism to type 1 diabetes and to assess the heterogeneity between populations of European ancestry, we conducted a meta-analysis on previously published studies [2, 6, 7] including ours, using allelic genetic model. In this meta-analysis convincing statistical evidence was provided for an influence of the IFIH1 rs1990760 A allele on type 1 diabetes risk. Interestingly, a significant heterogeneity was found between effect sizes across the studied populations. This may indicate that the effect of IFIH1 rs1990760 polymorphism varies in different populations with distinct environmental influence. In summary, this study represents the first independent confirmation of the association between type 1 diabetes and the IFIH1 gene in two well-defined European populations: the medium-incidence Hungarians and the Finns, who have the highest disease incidence in the world. A meta-analysis conducted in six different populations of European ancestry showed a clear association between the IFIH1 Ala946Thr polymorphism and type 1 diabetes, with an apparent difference in the contribution to disease susceptibility in distinct geographical locations, emphasising the role of environmental factors in the pathogenesis of type 1 diabetes.
